Abstract We tested two hypotheses relating to the sensory deficit that follows a unilateral superior laryngeal nerve (SLN) lesion in an infant animal model. We hypothesized that it would result in (1) a higher incidence of aspiration and (2) temporal changes in sucking and swallowing. We ligated the right-side SLN in six 2-3-week-old female pigs. Using videofluoroscopy, we recorded swallows in the same pre-and post-lesion infant pigs. We analyzed the incidence of aspiration and the duration and latency of suck and swallow cycles. After unilateral SLN lesioning, the incidence of silent aspiration during swallowing increased from 0.7 to 41.5 %. The durations of the suck containing the swallow, the suck immediately following the swallow, and the swallow itself were significantly longer in the post-lesion swallows, although the suck prior to the swallow was not different. The interval between the start of the suck containing a swallow and the subsequent epiglottal movement was longer in the post-lesion swallows. The number of sucks between swallows was significantly greater in post-lesion swallows compared to pre-lesion swallows. Unilateral SLN lesion increased the incidence of aspiration and changed the temporal relationships between sucking and swallowing. The longer transit time and the temporal coordinative dysfunction between suck and swallow cycles may contribute to aspiration. These results suggest that swallow dysfunction and silent aspiration are common and potentially overlooked sequelae of unilateral SLN injury. This validated animal model of aspiration has the potential for further dysphagia studies.
Introduction
Sensory innervation is critical to a normal swallow [1] [2] [3] , suggesting that sensory disruption, even on one side, has the potential to produce movement pathology. The internal branch of the superior laryngeal nerve (iSLN) is the sensory branch of the superior laryngeal nerve (SLN) coming from the vagus nerve (CNX). The iSLN innervates the hypopharyngeal and supraglottic areas of the pharynx and larynx. The SLN is vulnerable to injury in a number of surgeries, including thyroidectomy, neck dissection, cricopharyngeal myotomy, anterior approaches to the cervical spine, carotid endarterectomy, and supraglottic laryngectomy [4] . Injury to this sensory nerve causes swallowing dysfunction which can lead to the subsequent development of aspiration pneumonia in patients [4] . It has been reported that bilateral SLN lesions result in a significantly high incidence of aspiration [5, 6] and that unilateral sensory loss of the laryngopharynx can cause aspiration as well [7] . Sasaki et al. [8] reported that a unilateral SLN lesion results in reduced force of glottic closure in the pig, and they implied that this could contribute to laryngeal aspiration. Using a different style of experiment, Amis et al. [9, 10] reported that stimulation of the external SLN (eSLN) in dogs activates the cricothyroid muscle and causes both pharyngeal dilation and glottis constriction. However, it is still unclear whether unilateral SLN lesions can directly result in aspiration and its mechanism.
The infant pig is a validated model of swallowing function [11] [12] [13] [14] [15] . In particular, infant pigs normally have several suck or intraoral transport cycles prior to each pharyngeal swallow. The advantage of studying these different kinds of cycles separately is that changes due to pathophysiology in oral function and intraoral transport can be separated from changes in pharyngeal function [13] . Thexton et al. [12] defined three cycle types in infant sucking behavior using electromyographic criteria: pure suck cycles, suck-swallow cycles, and post-swallow suck cycles. We used a similar scheme to permit evaluation of the temporal relationships between sucks and swallows when aspiration occurred after unilateral SLN lesion.
Our hypotheses were that the sensory deficit following unilateral SLN lesion could result in (1) a higher incidence of aspiration and (2) temporal changes in both sucking and swallowing. To test these hypotheses, using videofluoroscopy we recorded feeding sessions in infant pigs (Sus scrofa) before and after creation of the SLN lesion. Because radiation dosage in the pig does not raise the same level of concern as it does in human videofluoroscopic swallowing studies (VFSS), we were able to collect extensive data, including entire feeding sessions with over 50 swallows in individual animals.
Materials and Methods

Materials
Six intact female pigs were obtained from Tom Morris Farms (Reisterstown, MD). They were 2-3 weeks old and weighed 4-5 kg at the time of arrival at the vivarium of Johns Hopkins University. Five times a day each animal was hand-fed using a bottle with a ''pig nipple'' (Nasco Inc., Fort Atkinson, WI, USA) and containing a milk replacement formula (Land O Lakes Solustart Pig Milk Replacer, St. Paul, MN, USA). Vital signs were tested by the veterinarian and indicated that the pigs were healthy prior to surgery. All procedures on the living animals were approved by the Johns Hopkins IACUC (Protocol No. SW10M212).
Surgical Procedures: SLN Lesion
Anesthesia was induced with inhaled 5 % isoflurane via a face mask. The pig was then intubated by an experienced veterinarian technician using a flexible cuffed tube passed into the trachea to provide adequate ventilation. General anesthesia was maintained with 3.5-5 % isoflurane in 100 % O 2 as a carrier gas. The isoflurane level was adjusted to maintain anesthesia with stable hemodynamics. Heart rate, femoral artery blood pressure, respiratory rate, and electrocardiographic data were continuously monitored throughout the two surgeries.
In the first surgery, the pig was placed in a supine position with a fully extended neck. Under sterile conditions, we made a vertical incision in the anterior midline of the neck, starting approximately 2 cm above the hyoid bone and continuing to 1 cm below the cricoid cartilage. A skin flap was retracted laterally in the subplatysma plane to expose the right side of the thyrohyoid membrane and the omohyoid muscle. With the aid of surgical loupes, the right-side SLN was found originating from the vagus (CNX) inside the carotid sheath. It ran caudally and medially on the surface of the thyrohyoid membrane beneath the omohyoid muscle. At this point, its internal sensory branch pierced the thyrohyoid membrane. We dissected the SLN close to its vagus origin and gently tied two loose silk sutures around the SLN for future identification. The SLN tracing procedures in the carotid triangle were performed with microsurgical instruments to avoid injury to the SLN and surrounding tissues. During this surgery, electromyography (EMG) electrodes and other markers were placed in various oral and pharyngeal muscles and structures, although that data will not be presented here. The skin was carefully approximated with 4-0 suture material (Ethicon Inc., Somerville, NJ, USA). Dressings and bandages were placed around the neck and the body. Using a rigid laryngoscope to visualize the epiglottis, a radiopaque surgical ligating Hemoclip (Teleflex Medical, Kenosha, WI, USA) was placed in the middle of the free tip of the epiglottis as a marker [12, 13] . These procedures followed those of German et al. [13] and Thexton et al. [12] , and have been used successfully for 20 years with no damage to the animals. The animals were then permitted to wake and recover the ability to support themselves on all four limbs. Full recovery from anesthesia took between 20 min and 2 h. Two to 4 h after surgery, each pig was placed in the feeding box where it was bottle-fed. We collected both lateral and dorsoventral imaging data while also recording EMG activity. At this time the data obtained were of control (pre-lesion) feeding, as the SLN was intact.
A subsequent surgery to lesion the SLN was carried out 48-72 h later under general anesthesia identical to that of the first surgery. We opened a new window with a 2-cm vertical incision in the right carotid triangle in the plane of the thyrohyoid membrane. It was easy to find the previously marked right-side SLN given the two black loose sutures. We tied the sutures tightly, cut the SLN between the two knots, and displaced the two ends so that no potential reinnervation was possible. In general, the second surgical procedure was finished within 30 min. Closing, dressing, and recovery were identical to those of the first surgery. Data collected after this operation were the postlesion data.
Analgesics and antibiotics were administered daily, starting after the first surgery and continuing after the second to control pain and infection risk throughout the course of the experiments. We delivered buprenorphine (0.01 mg/kg) via intramuscular injection twice a day, at 8:00 and 17:00, and gave intramuscular injections of meloxicam (0.4 mg/kg) and amoxicillin (20 mg/kg) once a day at 17:00. The pigs showed no signs of distress or pain after the surgeries.
Data Collection
After the pig was totally awake and alert, generally 2-4 h after surgery, we started collecting imaging data every 3-4 h daily for up to 3 days. All six pigs underwent VFSS in both dorsoventral and lateral planes before SLN lesion (control swallows) and after SLN lesion (lesioned swallows). Each animal served as its own control, and the unit of analysis was a swallow. This paired design reduces the impact of between-individual variation. The VFSS was performed using a remote-controlled videofluoroscope (Allura FD20, Philips Healthcare, Best, The Netherlands) equipped with a high-resolution digital flat-panel detector (154 9 154 micron pixel-pitch, 30 9 40 cm). The 14-bit video images were recorded at a rate of 60 frames/s and exported in DICOM format. Some VFSS was performed using a Toshiba Infinix C-Arm imaging system (Infinix-I, Toshiba Corp., Tokyo, Japan) with a recording rate of 30 frames/s. The video images were then exported into AVI format for later analysis. All subjects were fed milk mixed with barium powder in a fixed ratio of 8 oz. milk to 1/3 cup powdered barium (E-Z-HD, E-Z-EM, Inc., Westbury, NY, USA). Each subject was fed in a Plexiglas feeding box once they started sucking and swallowing up until the time of satiation. We recorded the VFSS in both dorsoventral and lateral planes before and after unilateral SLN lesion. In this article we present only the data analyzed in the lateral plane. We recorded over 30 swallows per animal per condition. However, some swallows were not used because of alignment issues such as tilting of the head. The data included a total of 144 prelesion swallows (36, 25, 20, 13, 28, and 22 swallows from subjects 1-6, respectively) and 123 post-lesion swallows (14, 19, 26, 14, 25 , and 25 swallows from subjects 1-6, respectively).
Postmortem Dissection
Three days after the nerve lesion procedure and recording, the animal was euthanized with an intracardiac injection of sodium pentobarbital ([200 mg/kg) under a deep plane of isoflurane anesthesia. During the subsequent dissection, we identified both cut ends of the right SLN by the two silk suture knots. We traced one end to the CNX and the other to the thyrohyoid membrane where the internal branch of the SLN pierces the larynx. The postmortem evaluation confirmed that the nerve lesioned was the right-side SLN and the markers and electrodes were implanted in the correct positions in every case ( Fig. 1 ). This confirming postmortem dissection was performed by a laboratory staff member not involved in the original surgery. In addition, we dissected 15 fresh pig cadavers to confirm the innervation of the cricothyroid muscle by the external branch of the SLN. Macroscopically, we found that all external SLNs, except one, provided branches to the cricothyroid muscle and to the inferior pharyngeal constrictor muscle [27] .
Data Analysis
The blinded examiner examined the videos of each swallow, frame by frame, to determine the incidence of aspiration or penetration, defined below. We also digitized, frame by frame, the Cartesian coordinates (x, y) of the epiglottis marker using the software ImageJ (National Institutes of Health, Bethesda, MD, USA) and the software MaxTRAQ 2D (Innovision Systems, Inc., Columbiaville, MI, USA). We calibrated radiologic magnification using the digitized images of the 12-mm inner diameter of the nipple on the feeding bottle when the teat was in a relaxed state, i.e., prior to any compression. The response or dependent variables in this study were aspiration incidence, duration of the suck and suck-swallow cycles, latency of suck to pharyngeal swallow, and suck-swallow ratio. They are defined as follows:
(1) Aspiration incidence aspiration was scaled into one of three categories: no penetration or aspiration (''no P/A''), laryngeal penetration (P), and tracheal aspiration (A). The location of the aspirated bolus, i.e., above or below the vocal cords, was the basis for determining whether it was laryngeal penetration or tracheal aspiration (Fig. 2) . If the bolus enters the supraglottic space and remains above the vocal folds after the epiglottis returns back to its resting position during a swallow, it is defined as penetration. If the bolus enters the supraglottic space and then passes below the vocal folds, it is defined as aspiration. Based on the time of the occurrence of aspiration during the pharyngeal swallow, aspiration was classified as ''before swallow aspiration,'' ''during swallow aspiration,'' or ''after swallow aspiration.'' (2) Pharyngeal swallow the onset of a pharyngeal swallow (PharSw on ) was defined as the time of the start of epiglottis flipping, when the epiglottis just starts to move caudally. The end of a pharyngeal swallow (PharSw off ) was defined as the time of the frame following the abrupt return of the epiglottis from its caudal to its cranial position. The duration of a pharyngeal swallow (PharSw Dur ) is equal to PharSw off -PharSw on (Table 1 ; Fig. 3 ). (3) Three types of sucks in this study we divided sucks into a pattern similar to that of Thexton et al. [12] , but one using radiographic criteria: preswallow suck (Suck pre ), suck-swallow cycle (Suck sw ), and postswallow suck (Suck post ) based on the temporal relationships between suck cycles and the suckswallow cycles. The suck in which Sw on occurred was designated Suck sw . The suck immediately prior to this was Suck pre , and the one following was Suck post . Temporally, the three types of suck cycles are contiguous with each other (Table 1 and Fig. 3 ). Using videofluoroscopy, the suck onset was defined by the time at which milk started to issue from the nipple and enter the mouth, and the termination of that suck cycle was defined by the start of next suck cycle. (4) Lag of suck to swallow the Suck sw and the Suck pre overlapped with the pharyngeal swallow defined by epiglottal movement. Based on the temporal relationship between the onset of the Suck sw , the Suck pre , and the onset of the pharyngeal swallow, we defined two latencies: Suck -PharSw lag and PharSw -Suck lag (Table 1 ; Fig. 3 ). These are similar to the phase divisions defined by Thexton et al. [12] . (5) Suck-swallow ratio the suck-swallow ratio was the ratio of the suck cycles to the pharyngeal swallows. It was equivalent to how many suck cycles followed by one pharyngeal swallow.
Statistics
We used a paired t-test to compare the duration and latency data between the pre-lesion and the post-lesion SLN swallows (SYSTAT 2010, Systat Software, San Jose, CA, USA). A v 2 test was used to compare the incidence of aspiration before and after lesion. Multinomial logistic regression was used to predict the aspiration value from the suck-swallow ratio, durations, and latencies. 
Results
Aspiration Incidence
Penetration occurred in 27.8 % (40/144) of the pre-lesion swallows. However, in 27.1 % (39/144) of all pre-lesion swallows there was no aspiration, even though the bolus penetrated to the supraglottic area. Only one pig had a single incident of aspiration prior to lesion for an overall rate of 0.7 % (1/144 swallows).
In contrast to the control pigs, all SLN-lesioned pigs experienced at least one instance of penetration or aspiration. The overall incidence of penetration was 75.6 % (93/ 123) of all swallows. Among all swallows, 41.5 % (51/123) involved aspiration and 34.1 % (42/123) did not. The incidence of aspiration/penetration post-lesion was significantly greater than in pre-lesion (v 2 = 87.946; p \ 0.001). In the SLN-lesioned swallows, 90.3 % (84/93) of swallows with penetration or aspiration occurred during swallowing and 9.7 % (9/93) occurred after swallowing. All swallows were continuous and natural, and no pigs coughed in the middle of a swallow, even when severe aspiration occurred.
Duration
There was no difference in duration of the Suck pre between the control and lesioned swallows [244 (mean) ± 36 (SD) vs. 252 ± 45 ms; p = 0.068]. However, the durations of the Suck sw (257 ± 35 vs. 283 ± 47 ms; p \ 0.001) and the Suck post (243 ± 37 vs. 259 ± 49 ms; p \ 0.001) were shorter in the control swallows than in the lesioned swallows. The duration of the pharyngeal swallow was also different (239 ± 28 vs. 288 ± 53 ms; p \ 0.001). These differences are shown in Fig. 4 .
Latency
The first lag, Suck -PharSw lag , was longer in the control swallows than in the lesioned swallows (69 ± 29 vs. 91 ± 49 ms; p \ 0.001). For the second lag, PharSw -Suck lag , there was no significant difference between the control and lesioned swallows (188 ± 50 vs. 191 ± 42 ms; p = 0.299). In the control data, there was a marginal relationship between Suck -PharSw lag , the first phase, and swallow duration PharSw Dur (p = 0.06) when all animals were pooled. An interesting finding is that this relationship appears to be slightly inverse, i.e., as the cycle duration increased, the duration of the first phase decreased. In the PharSw -Suck la , the second phase, the linear relationship was statistically significant (p \ 0.001). In the lesioned data, both lags (phases) had significant positive relationships to the PharSw dur (p \ 0.001) (Fig. 5) .
Suck-Swallow Ratio
The average number of suck cycles between epiglottal flips in the control swallows was 2.64 (1.44), and for the lesioned animals it was 3.59 (1.48). The two-sample t-test using pooled variance showed the lesioned swallows had significantly more sucks between swallows than did the control swallows (t = 5.189; p \ 0.00).
Relationship Between the Occurrence of Aspiration and Suck-Swallow Ratio, Durations, and Latencies
In the lesioned swallows, some variables were useful for predicting the occurrence of aspiration or penetration. A higher suck-swallow ratio (penetration 3 ± 1.7 vs. no P/A 4 ± 1.1; p = 0.011) and a longer duration of Suck pre (penetration 260 ± 42 ms vs. no P/A 235 ± 47 ms; p = 0.021) and PharSw dur (penetration 298 ± 60 ms vs. no P/A 251 ± 24 ms; p \ 0.001) in the lesioned swallows than in the ''no P/A'' subset of swallows predicted the occurrence of penetration. A shorter PharSw -Suck lag (aspiration 176 ± 44 ms vs. penetration 200 ± 47 ms; p = 0.011) was the only variable to predict aspiration as distinct from penetration in the lesioned swallows. In the pre-lesion swallows, we analyzed the regression relation between ''no P/A'' and the penetration subset of swallows. We did not consider the aspiration subset of swallows because there was only one swallow with aspiration in the control swallows. The results showed that PharSw Dur (penetration 256 ± 22 ms vs. no P/A 232 ± 28 ms; p \ 0.001) and the duration of the two lags Suck -PharSw lag (penetration 84 ± 37 ms vs. no P/A 64 ± 23 ms; p \ 0.001) and PharSw-Suck lag (penetration 175 ± 70 ms vs. no P/A 192 ± 40 ms; p \ 0.001) were predictors of the incidence of penetration, whereas the suck durations and suck-swallow ratios had no significant relationship to penetration. In the penetration subset of swallows, the durations of PharSw Dur and Suck -PharSw lag were longer and the duration of PharSw -Suck lag was shorter compared to the ''no P/A'' subset of swallows.
Discussion
Unilateral SLN lesions had a clear impact on the timing of a number of aspects of sucking, particularly the relationships between suck cycles and swallowing. The following measures were all increased after the SLN had been lesioned: the suck-swallow ratio, the average duration of sucks, the duration of the pharyngeal swallows, and the time interval between the suck preceding a swallow and the pharyngeal swallow itself. These time-related changes were, in turn, related to a significantly increased incidence of both laryngeal penetration and tracheal aspiration of liquid boluses. After unilateral SLN lesions, the increase in the incidence of aspiration supported our original hypothesis that a unilateral SLN lesion would increase the incidence of aspiration in this animal model. These results also provided some insight into the potential mechanisms for producing aspiration. In intact pigs, the pharyngeal swallow occurs with a relatively fixed time lag following the start of the Suck sw relative to a total cycle length [12, 13] . In our study, the equivalent time interval (Suck -PharSw lag ) was also constant relative to cycle length. However, after SLN lesion, this relationship changed (Fig. 5b) and varied as a function of cycle length. Thus, the longer the cycle length, the longer milk remained in the vallecula and piriform sinuses prior to the caudal flexion of the epiglottis. In general, the duration of the PharSw in the lesioned swallows was longer, implying either a slower speed of epiglottal flipping or a delay inserted in the movement. In either case, this may also have increased the risk of milk spilling into the larynx. Furthermore, the vast Fig. 4 Comparison of duration between the control and SLNlesioned swallows in six subjects. There was no difference in the duration of the Suck pre (p = 0.068). The durations of the Suck sw (p \ 0.001), the Suck post (p \ 0.001), and the pharyngeal swallow (p \ 0.001)were significantly different between the two sets of swallows majority of penetration or aspiration incidences occurred during the swallow, implying that inadequate laryngeal closure may be attributed to the delay in the pharyngeal swallow initiation.
The lesion of the eSLN may be another possible reason for aspiration. When the SLN was detached from its origin on the vagus, both internal and external branches were denervated. The iSLN is a sensory branch that innervates the laryngopharynx and loss of this sensory input was initially considered to be the prime reason for the changes leading to aspiration. However, the eSLN, which is a motor branch that traditionally innervates only the ipsilateral cricothyroid muscle, has also been found in man to innervate the ipsilateral thyroarytenoid muscle (46 %) and subglottic mucosa (67 %) or connect with the recurrent laryngeal nerve (25 %) in humans [16] and to innervate the inferior pharyngeal constrictor muscle [17] . We dissected 15 fresh pig cadavers and found that all the eSLNs, except one, innervated the cricothyroid muscle and the inferior pharyngeal constrictor muscle. It is therefore reasonable to suggest that a significant component of the dysfunction following a lesion of the SLN results from loss of the motor activity that is normally provided via the external branch of the SLN.
A constant temporal relationship between the onset of the Suck sw and the pharyngeal swallow (Suck -PharSw lag ), meant that, in control swallows, a stable interval existed between the time of entry of the milk bolus into the mouth and the time the epiglottis started flipping to cover the larynx inlet. It would seem reasonable to suggest that the duration of this interval, which corresponded to the period of intraoral transport and temporary containment of liquid in the vallecula and the piriform sinuses, could be important in protecting the airway. The post-lesion increase in the duration of this interval was associated with an increased incidence of penetration and aspiration in this study, which could be explained by a post-lesion failure to increase the swallowrelated cross-sectional area of the oropharynx and piriform fossae and by a lack of glottal closing force that would normally be produced by activity in an intact external branch of the SLN [9, 10] . Similarly, in stroke victims, increased pharyngeal transit time is associated with an increased severity of aspiration [18] .
In the control sucking pigs, laryngeal penetration was not uncommon during normal swallowing. We considered that this was a benign, normal occurrence, likely due to immaturity of the swallowing mechanism, as described in human infants [19] . Even in normal human adults under the age of 50, penetration occurs in 7.4 % of swallows, while in people age 50 and over, penetration occurred in 16.8 % of swallows [20] . Another human study reported an incidence of penetration on a liquid bolus of 9.3 % in elderly individuals aged [65 years and an incidence of 14.3 % in adults aged \65 years [21] .
A mechanism that could possibly explain penetration in the control animals of our study was that the pharyngeal swallow was initiated late in the Suck sw . The SuckPharSw lag in the ''penetration'' subset of swallows was also 20 ms longer than in the ''no P/A'' subset of swallows. In such cases, a delayed onset and prolonged duration of the pharyngeal phase could extend toward or into the following cycle, the Suck post cycle. This variation in temporal coordination between sucking and pharyngeal swallowing would appear to have the potential to affect airway protection.
It should be noted that none of our animals coughed during penetration or aspiration. While in adult humans silent penetration or aspiration may be due to sensory loss of the supraglottic area innervated by the iSLN, the situation is different in neonates and infants. In a human study, Newman et al. [22] reported that almost all infants who showed penetration and aspiration had no cough. Following laryngeal penetration by fluids, reflex coughing is weak in both neonatal and infant humans and animals. Conversely, reflex apnea is correspondingly more prolonged [23] , which suggests that there is no sensory deficit; this pattern of no cough but respiratory apnea does, however, reverse with maturation. Fig. 5 The suck -PharSw lag (squares) and the PharSwsuck lag (triangles) against total pharyngeal swallow cycle duration in six subjects. a In the control group. b In the SLNlesioned group
The rhythm of sucking is generated in a central pattern generator (CPG) within the brainstem, involving the nucleus ambiguus, tractus solitarius, nucleus trigeminalis, and hypoglossus. In the infant pig, sucking and swallowing movements can be generated by these central nervous system structures in the absence of higher centers [11] . However, during the normal postnatal period of brainstem and suprabulbar maturation [24, 25] , infants increase their ability to vary and control their feeding. An increase in the oral sensory input has distributed beneficial effects on an improved nutritive sucking and swallow-respiration coordination [26] .
In our study, the data of bottle-fed infant pigs demonstrated that loss of hypopharyngeal sensory input and loss of motor output via the eSLN resulted in a significant increase in duration of both the Suck sw and the Suck post as well as the duration of epiglottal movement, and produced a bigger suck-swallow ratio. The eSLN, however, supplies only the cricothyroid muscle. This increase in the duration of suck cycles suggests that the loss of afferent activity from the iSLN with or without the combined effect of the eSLN due to the anatomic variations [27] not only affects swallowing itself but also affects the generator for trigeminal rhythmic oral activity. Although this could be an indirect effect, Daun et al. [28] have proved that reduction or withdrawal of excitatory afferent activity from CPGs results in slower rhythm generation.
The pharyngeal swallow has traditionally been considered a purely reflexive pattern [29] , although it probably reflects the operation of a brainstem pattern generator [30] . In either case, maturation of descending pathways from the cerebral hemispheres may influence the pattern of EMG activity in the pharyngeal swallow [13] . The bolus characteristics can also change the timing of a normal oropharyngeal swallow [31] . In our study, the increased duration of the pharyngeal swallow after unilateral SLN lesioning indicated that the unilateral loss of sensory input could still affect the overall pattern of the pharyngeal swallow as well as suck cycles. Although it is unproven that the increased duration of the Suck sw and of the pharyngeal swallow is due to decreased drive to a central pattern generator for the swallow, the alternative view that it results from a decreased ''reflex'' action is problematical, as one would expect that to generate a shorter-duration pharyngeal swallow, not a longer one, although its latency might increase.
This study described a useful animal model for the study of the effects of peripheral nerve lesions on swallowing function. After unilateral SLN lesion, all animals exhibited penetration and an increased incidence of aspiration compared to controls. In humans, a comparable study design would be limited by many factors that do not apply in animal experiments. While topical anesthesia or local nerve block to imitate SLN lesions is ethically possible in humans, such models are not wholly reliable in totally eliminating only specific components of the normal sensory input. A more significant consideration in human studies is the duration of radiation exposure; the accepted limit for a human subject is only 3-5 min under VFSS. Furthermore, in human studies, it is not easy to insert radiopaque markers in the soft tissues of the pharynx and larynx to allow accurate assessment of movement [32] . In our animal model, we can identify the nerve accurately, lesion it precisely with microsurgery, and finally confirm it in a postmortem dissection. Without a time limitation on VFSS, we were able to record data with a significant sample size, both before and after lesioning. One limitation of our study is that we analyzed only the kinematic data without the muscular function results. In a future study we will combine the kinematic data with our EMG data to better understand the mechanism of the SLN-related swallowing disorder.
Clinically it is still a challenging task to diagnose and treat unilateral SLN injury due to the absence of objective and generally accepted diagnostic criteria and the heterogeneity of its clinicopathological presentations [4] . This study indicated that clinicians should be more aware of the complication of aspiration that can follow a unilateral SLN injury.
Conclusion
Using an established animal model of swallowing, we have shown that a unilateral SLN lesion increased the incidence of aspiration and changed the temporal relationships among sucking and swallowing activities. The longer transit time and the temporal coordinative dysfunction between suck and swallow cycles may contribute to the aspiration. The pig is a validated model of aspiration and could be developed for further dysphagia studies.
